Urinary tract infections activate a mucosal inflammatory response, which includes cytokine secretion and neutrophil influx. The mechanisms involved in the neutrophil influx have not been identified. Interleukin-8, a potent chemoattractant for neutrophils, is produced by urinary tract epithelial cell lines in vitro. This study analyzed the human IL-8 response to deliberate Escherichia coli infection of the urinary tract. Urine and serum samples were obtained before and after intravesical instillation of E. coli. Neutrophil numbers were determined on uncentrifuged urine, and IL-8 levels were measured by ELISA. A urinary IL-8 response was found in all patients after bacterial instillation, but no serum IL-8 was detected. There was a strong correlation between urinary IL-8 levels and urinary neutrophil numbers. The same E. coli strains used to colonize the patients stimulated IL-8 production in urinary tract epithelial cells. The level of IL-8 secreted by epithelial cell lines was influenced by the fimbrial properties of the E. colt. These results demonstrated that E. coli elicit a mucosal IL-8 response in humans, and suggested that IL-8 is involved in the onset of pyuria. Epithelial cells may be an important source of IL-8 during urinary tract infection. (J. Clin. Invest. 1993. 92:780-785.)
Introduction
IL-8 belongs to the CXC family ofchemokines, which includes NAP-l (IL-8), NAP-2, and gro. These proteins act as powerful chemoattractants for neutrophils. The in vitro effects of IL-8 on neutrophils include chemotaxis, degranulation, trans-endothelial migration, and respiratory burst (1) (2) (3) (4) . In vivo, induces a rapid and long lasting accumulation ofneutrophils in rabbit skin (5) . Human neutrophil migration into skin chambers has also been associated with the production of IL-8 (6) . Although originally isolated from the culture supernatants ofLPS stimulated monocytes, IL-8 has since been shown to be produced by a wide variety of cells, including lymphocytes, endothelial cells, and pulmonary epithelial cells ( 1, 7, 8) . We have recently shown that IL-8 is produced by urinary tract epithelial cell lines in response to stimulation with uropathogenic Escherichia coli (9) .
Infections ofthe urinary tract activate a mucosal inflammatory response. One aspect of this response is a rapid influx of neutrophils into the urine. This occurs both in patients with urinary tract infection (UTI)' and in individuals deliberately colonized in the urinary tract with E. coli (10, 11) . Little is known about the mechanisms of neutrophil recruitment from the blood stream into the urine. We have previously shown that urinary IL-6 levels are elevated in patients with UTI ( 10) . However, a role for IL-6 as a neutrophil chemoattractant has not been documented. We considered it more likely that a chemoattractant such as IL-8, produced at the mucosal surface, would be responsible for the neutrophil influx that occurs during UTI.
The aim ofthe present study was to determine whether IL-8 is secreted during UTI in humans, and to identify the cell types which might be involved in this response.
Methods
Patients. Women with a history of recurrent symptomatic UTI were colonized in the urinary tract with E. coli. The study was approved by the Ethical Committee at Goteborg university, Sweden. The study protocol and the outcome ofthe bacterial colonization have been reported elsewhere ( 12) . Before colonization, the patients were treated with oral antibiotics to eliminate preexisting bacteriuria. Each colonization attempt consisted of bacterial instillation on three consecutive days or less ifbacteriuria 2 105/ml. Each colonization started 5 d after the last antibiotic dose, to reduce the likelihood of reinfection before inoculation with the study strains. The patients were hospitalized for colonization and 24 h ofobservation. The bacterial instillation procedure was as follows: A postvoidal residual urine sample was collected by catheter and cultured to confirm the sterility of the precolonization sample. After complete evacuation of the bladder, 10 ml of the bacterial mixture was introduced and the catheter was removed. All urine samples were collected from each voiding during the subsequent 24 h and daily during the first week. Urine samples were obtained at the weakly clinic visit thereafter. Daily blood samples were obtained during hospitalization. All urine samples were cultured and the urinary neutrophil count was determined on uncentrifuged urine using a Fuchs-Rosenthal chamber. There were 15 described ( 13) . Cells were seeded into 24-well culture plates (Nunc) and allowed to grow to confluency before use. The cell lines were stimulated with E. coli 83972, E. coli 1061, and E. coli 1053. The culture medium, containing gentamycin, was removed and replaced with gentamycinfree culture medium with or without the respective E. coli strain (1 X 0 8 bacteria/ml). The cells were incubated at 370C in 5% CO2 atmosphere and supernatants were collected at zero, 2, 6, and 24 h. The IL-8 content of the supernatants was analyzed by ELISA. Residual gentamycin was not removed as it maintained the epithelial cells viability during the experimental period by preventing further bacterial growth over the 24 h. Cultures taken from the supernatants at 24 h were negative for bacterial growth. Dead bacteria are known to stimulate epithelial cytokine secretion ( 13 ) .
Quantitation ofIL-8 in patient samples and cell supernatants. IL-8 was determined using a double ligand ELISA method (14) . Briefly, 96-well plates (Immuno-Plate I 96-F; Nunc) were coated with monoclonal mouse anti-human IL-8 antibodies (5 ,g/ml; Sandoz, Vienna, Austria) diluted in carbonate buffer (pH 9.6, 100 Al, 0.1 M NaHCO3/ NaCO3) and left overnight at 40C. The plates were washed (four times) in PBS with 0.05% Tween 20 (washing buffer, pH 7.4). Recombinant IL-8 (Sandoz) was serially diluted ( 10-0.02 ng/ml) in PBS with Tween 20 and 5% FCS (dilution buffer). For the standard curve, 100 Ml ofeach dilution was added to a row of wells on the plate. Collected samples were diluted 1 in 10 in dilution buffer, and 100 Ml was added to the remaining wells. The plates were incubated for 2 h at 370C in a humid chamber and then rinsed (four times) in washing buffer. Polyclonal goat anti-mouse antibody conjugated with alkaline phosphatase was added to the wells (50 Ml, 5 Mg/ml) and incubated for 2 h at 370C in a humid chamber. Unbound conjugate was removed by washing four times and p-nitrophenyl phosphate in diethanolamine buffer (BioRad, GmbH, Munich, Germany) was added at a concentration of 1 mg/ml. The plates were incubated at room temperature in the dark for 30 min. The reaction was stopped by the addition of 2 M NaOH and the absorbance was measured at 405 nm in an ELISA counter (Multiskan Plus; Labsystems, Helsinki, Finland). The IL-8 activity in the samples was given in nanograms per milliliter, after calibration with the standard curve. The lower detection limit of the assay was 0.2 ng/ml.
Immunofluorescence staining. The indirect immunofluorescence technique to detect cytokine production by single cells has been described ( 15 ) . Briefly, the bladder epithelial cells were fixed with paraformaldehyde. Indirect immunofluorescence staining of IL-8 was performed in the presence of saponin to create cell membrane permeability and allow the passage of antibodies into cellular compartments. Bacterial adherence. J82 and A-498 epithelial cells were grown to confluency on 8-well slide flasks (Nunc) in culture medium with gentamycin. The culture medium with gentamycin was removed and replaced with gentamycin-free medium and each of the three E. coli strains ( 1 X I0 bacteria/ml). The cells were incubated at 370C in a 5% CO2 atmosphere for 3 h. Supernatants were removed and the epithelial cells were washed 10 times with BSS to remove nonadhering bacteria. The cells were then fixed with methanol for 5 min and stained with May-GrUnewald stain. The number of attached bacteria was counted by interference contrast microscopy. Adherence is given as the mean number of bacteria per epithelial cell (40 epithelial cells counted).
Statistical analysis. Samples were compared using the Wilcoxon's signed rank test.
Results IL-8 response in the colonizedpatients. The urinary IL-8 activity was analysed by ELISA in samples obtained before and after intravesical instillation ofE. coli. IL-8 was not detectable in the precolonization samples (< 0.2 ng/ml; Table I ). IL-8 was detected in the urine of all the patients after instillation ofE. coli. Two patients (2 and 5) had peak urinary IL-8 levels > 5 ng/ml (high responders) and four patients had peak IL-8 levels < 3 ng/ml (low responders) ( Table I ). The kinetics of the urinary IL-8 response are shown in Fig. 1, A and B , for the two high responder patients, and Fig. 1 , C and D, for two of the low responder patients. IL-8 was detected in the urine of the high responders as early as 3 h after bacterial instillation. Peak IL-8 levels were reached after 6-10 h. In patient 2 there was one IL-8 peak after each instillation of E. coli (Fig. 1 A) . In patient 5, IL-8 appeared to be secreted intermittently (Fig. 1 B) . The increase in urinary IL-8 levels in the low responder patients followed bacterial instillation (Fig. 1, C and D) .
The serum IL-8 response to bacterial instillation was analyzed in 15 samples obtained from the high responder patients (2 and 5) during the colonization period. There was no detectable IL-8 in any of the samples obtained before or after bacterial instillation.
Urinary neutrophil response. The number of neutrophils was counted in each ofthe urine samples. The precolonization samples contained < 5 neutrophils/mm3. After bacterial in- (Table I) . Two patients (2 and 5) had high (> 7,000 cells/mm3), and four patients had low neutrophil peak counts (< 1,000 cells/mm3).
Correlation between the IL-8 and neutrophil responses. The high IL-8 and neutrophil responses occurred in the same two patients (2 and 5; Fig. 1, A and B) . The correlation coefficient between their urinary IL-8 levels and neutrophil numbers was 0.6 (P < 0.001 ). The peak neutrophil numbers occurred at the same time as the peak levels of urinary IL-8. The four patients with low IL-8 levels had peak urinary neutrophil numbers ranging from 30 to 900 cells/mm3. The correlation between their urinary neutrophil numbers and IL-8 levels was weak (r = 0.3, P < 0.001). The correlation between urinary IL-8 levels and neutrophil numbers in all samples obtained from the six patients was 0.7 (P < 0.001).
The possible association between IL-8, and the previously measured bacterial numbers and IL-6 levels ( 1 1, 12) was investigated in the patients. There was no significant correlation between the urinary IL-8 levels and the bacterial numbers in the urine. There was no apparent threshold level of bacteria above which IL-8 secretion occurred. There was no significant correlation between the IL-8 and IL-6 levels in the individual samples.
IL-8 production by bladder epithelial cells. The analysis of the early urinary IL-8 response showed that IL-8 could be present in urine before the neutrophil influx (Fig. 1 A) . We therefore examined urinary tract epithelial cells as a possible source of IL-8. Bladder epithelial cells isolated on four separate occasions from four different patients were stimulated with E. coli 83972. 100-300 cells were counted in each sample. On each occasion, > 70% of epithelial cells stained for IL-8 after 4 h of stimulation (Fig. 2 A) . Unstimulated bladder epithelial cells did not stain for IL-8 (Fig. 2 B) . medium alone (Table II) . The J82 cells secreted significantly more IL-8 than the A-498 cells at 24 h of stimulation with E. coli 83972 (P < 0.0 14) and E. coli 1061 (P < 0.023). The levels of IL-8 secreted by the urinary tract epithelial cell lines depended on the adherence characteristics of the bacterial strain used for stimulation. E. coli 83972 did not attach to the J82 or A-498 cells, however, it stimulated these cells to secrete significantly higher levels of IL-8 than medium alone. E. coli 1053 (type 1 fimbriated) adhered to the J82 and A-498 cells and stimulated an IL-8 response in both cell lines which was significantly higher than that elicited by E. coli Hu 1061 (P < 0.014 and P < 0.014) and E. coli 83972 (P < 0.009 and P < 0.014).
This IL-8 response was reduced in both cell lines by the addition of a-methyl-D-mannoside (Table II) Despite the fact that most Gram-negative bacteria reside at mucosal surfaces, and that invasion of systemic sites is a rare event, the human IL-8 response to mucosal infection has not been investigated. Previous studies have focused on the systemic IL-8 response to Gram-negative bacteria and LPS. IL-8 was detected in the serum of human volunteers after intravenous endotoxin administration ( 14) , and in the plasma of patients during Gram-negative bacteremia (16) . IL-8 has also been found in the plasma of baboons after intravenous infusion with E. coli ( 17) . The treatment of recurrent UTI with nonvirulent bacteria provided a unique opportunity to analyse the mucosal response to E. coli. The patients in this study suffered recurrent UTI due to neurogenic bladder disorders. The outcome ofthe bacterial colonization has been described previously ( 12) . The E. coli strain 83972 established persistent bacteriuria in all of the colonized individuals. In contrast, the fimbriated isogenic E. coli strains 1053 and 1061 were eliminated within 48 h. The patients did not develop symptoms of UTI and there were no changes in systemic host response parameters like C-reactive protein or erythrocyte sedimentation rate. Furthermore the patients were protected from superinfection for as long as bacteriuria remained. The IL-8 response in these patients was examined before and after bacterial instillation. In this way it was possible to attribute the changes in IL-8 levels to the bacterial instillation, rather than variables such as the underlying illness of the patient.
Mucosal surfaces have only recently become recognized as sites of cytokine production ( 11, 18) . Samples from the colonized patients provided important early evidence of mucosal cytokine production ( 11) . Colonization stimulated the secretion of IL-6 into the urine, but there was no elevation ofserum IL-6 levels. The results of the present study demonstrated that stimulation ofthe urinary tract mucosa with E. coli elicited the secretion of IL-8 into the urine without an elevation of serum IL-8. There were several differences in the IL-6 and IL-8 responses in the patients. First, levels ofIL-6 detected in the urine were similar in all the colonized patients, whereas the IL-8 response varied greatly from individual to individual. Second, the IL-6 secretion was influenced by the concentration ofbacteria in the urines. Significantly higher ( 13) . The close proximity of the adhering bacteria to the epithelial cell surface may increase the local concentration of LPS. There is also evidence that direct adhesin-receptor interaction may lead to epithelial cell cytokine production. Isolated P fimbriae with the adhesin stimulated an IL-6 response in the kidney epithelial cells, while fimbrial proteins lacking the adhesin did not ( 13 
